The objectives of this study were to: 1) determine the effects of fluid starter fertilizer combinations and placement of 10-34-0 (APP), 28-0-0 (UAN), and 12-0-0-26 ammonium thiosulfate (ATS) on second-year corn production in reduced tillage/high-residue conditions and 2) provide management guidelines on placement and rates of UAN, APP, and ATS combined as a starter for crop consultants, local advisors, and the fertilizer industry as they serve corn producers trying to meet the growing needs for corn grain by the ethanol industry and livestock producers.
Experimental procedures
Two field experiments were established each spring in 2010 and 2011. One on a Webster clay loam soil at the Southern Research and Outreach Center, Waseca and another on a Mt Carroll silt loam near Rochester. All sites were planted to corn the previous year and were fall chisel plowed after harvest. Fourteen total treatments were arranged in a randomized, complete-block design with four replications. Twelve of the 14 treatments comprised a factorial combination of sources and rates of three fluid starter fertilizers: 0 or 4 gal/ac of APP (5+16+0, lb/ac of N, P 2 O 5 , and S, respectively); 0 or 8 gal/ac of UAN (24+0+0); and 0, 2, and 4 gal/ac of ATS (2 gal = 3+0+5.8 and 4 gal = 5+0+11.5). The APP fluid starter was applied in-furrow with the seed while UAN and ATS were applied as a dribble band on the soil surface about 2" off the seed row. Two additional treatments were included to measure crop response when adding 1 gal/ac of ATS in-furrow with 4 gal/ac of APP with and without 8 gal/ac of UAN dribbled on the soil surface. Each plot was 10' wide (4 30-inch rows) by 50' long. Soil samples (0-6" depth) were taken from each rep to characterize the research plot areas. Soil test P and K at 3 of the 4 sites were in the high to very high range (Kaiser et al.) , except at Rochester in 2011 where Bray P 1 = 13 ppm (medium) and exchangeable K = 68 ppm (low). Because of low soil test K, 120 lb K 2 O/ac was injected mid-row at Rochester on June 9, 2011.
Corn was planted at 35,000 seeds/ac in early May in 2010 and mid-May in 2011. Weeds were controlled with a combination of pre and post emergence herbicide applications. Surface residue cover was measured using the line transect method. It ranged from only 12% at Rochester in 2011 to 45% at Waseca and averaged 34% across sites. In early June, stand counts were taken on the center two rows of each plot and were thinned to a uniform plant population. At V2 to V3, UAN was injected at various rates midway between the rows to give a total (planting + V2-3) N rate of 180 lb/ac in 2010 and 200 lb/ac in 2011. At the V7-8 growth stage of corn 8 random plants from each plot were cut at ground level, dried, weighed to determine dry matter yield, ground, and analyzed for N, P, K and S concentration and uptake in plant tissue. On the same dates, extended leaf plant heights from 10 random plants per plot were also measured. At R1, SPAD meter readings were taken from the ear leaf of 30 plants in each plot. Relative leaf chlorophyll content was calculated from these measurements. Grain yield and moisture content were determined by harvesting the center two rows of each plot with a research plot combine. Grain yields were calculated at 15.5% moisture.
Results and discussion
The 2010 growing season was warm and wet. Two months [June (9.64", and September (12.66", 9.47" greater-than-normal)] set 96-year records for precipitation at Waseca (Table 1) . The June + July total precipitation (16.25") and the growing season total (34.61") were also records. Growing season precipitation at the Rochester location was about 50% greater-than-normal. With much of the excess falling during the months of June, August, and September. At Waseca, growing degree units (GDU) for the entire growing season May 1 through October 3 (first frost) totaled 2,606 which was 8% greater-than-normal.
The 2011 growing season started out cool and wet at Waseca (Table 1) . A wet April and May resulted in delayed planting and slow early growth of corn. Over 3 inches of rain occurred in the two week period after planting. The months of May, June and July all had greater than normal precipitation. July was very warm, air temperatures averaged 5° greater than normal (data not shown). August and September were dry with precipitation for the two months totaling 6.64 inches below normal. The dry conditions in the latter part of the growing season probably reduced yields and increased variability in the data. Growing degree units (GDU) from May 1 through September 15 (first frost) were near normal. The early part of the 2011 growing season at Rochester was cool but not as wet as Waseca (Table 1) . Although the amounts were not great, frequent rains delayed planting and field operations in the area. July was warm and wet; precipitation totaled 4.66 inches greater than normal. August was dry, but September had near normal precipitation which aided late season grain fill and enhanced yields. Growing season precipitation totaled one inch below normal. Because of differences in climate and response to treatments, each location-year will be discussed separately.
Waseca 2010
Treatment effects on grain moisture and grain yields are presented in Table 2 . Grain moisture was reduced 0.9 percentage points with APP (4 gal/ac vs 0 gal) and UAN (8 gal/ac vs 0 gal) application. Grain moisture was reduced 1.5 and 2.5 percentage points with the 2 and 4 gal/ac rate of ATS, respectively, compared with 0 gal of ATS and averaged across APP and UAN treatments. The driest grain (16.5%) was obtained when N, P, and S were applied at planting (treatment # 12). The wettest grain (20.7%) was found in the control plot (treatment # 1). Corn grain yields were not affected by the application of APP or UAN at planting, although APP and UAN application enhanced early growth and reduced grain moisture. Grain yields were 9 bu/ac greater than the control with 2 gal/ac of ATS, when averaged across APP and UAN treatments. Yields were not different between the 2 and 4 gal/ac rates of ATS. Applying 1 gal/ac of ATS and 4 gal/ac of APP in-furrow increased yields 12 bu/ac compared with APP alone (treatments 13 vs 7). A significant UAN×ATS interaction for grain yield showed a 19 bu/ac response to ATS when UAN was not applied, but no response to ATS when 8 gal/ac of UAN was applied at planting (data not shown). Fertilizer rate
Treatment effects on plant stand, final population and reIative leaf chlorophyll content (RLC) are presented in Table  2 . Initial plant stand was reduced slightly (500 plants/ac) with APP fertilization, when averaged across UAN and ATS treatments. Initial stand and final plant population were affected by ATS application in this study, but the differences were generally very small and would not have affected corn production. When 1 gal/ac of ATS and 4 gal/ac of APP were applied in-furrow (treatment # 13), initial plant stand and final plant population trended lower, but they were not significantly less than 4 gal/ac of APP alone (treatment # 7). Significant interactions for final plant population were found, but the differences were small about 300 plants/ac and would not have influenced corn production. Relative leaf chlorophyll content at VT-R1 increased slightly with 8 gal/ac of UAN applied at planting compared with 0 gal of UAN, when averaged across APP and ATS treatments. The 2 and 4 gal/ac rates of ATS increased RLC 5.0 and 7.7 percentage points, respectively, compared with the control (0 gal/ac), when averaged across APP and UAN treatments. One gal/ac of ATS and 4 gal/ac of APP applied in-furrow increased RLC significantly compared with 4 gal/ac of APP alone. No difference in RLC was found when the 1 gal/ac of ATS plus 4 gal/ac of APP applied in-furrow treatment (# 13) was compared to the 4 gal/ac of APP applied in-furrow plus 2 gal/ac of ATS applied as a surface dribble band treatment (# 8). The significant APP×ATS interaction for RLC showed without ATS, APP increased RLC slightly (1-2 percentage points). Whereas with ATS at 2 or 4 gal/ac, APP application had no affect on RLC (data not shown). The significant UAN×ATS interaction for RLC was similar to the APP×ATS interaction. It showed at the 0 and 2 gal/ac rates of ATS, UAN application increased RLC slightly, whereas at the 4 gal/ac rate of ATS, UAN application had no affect on RLC (data not shown). These data show a small amount of N at planting, either from APP applied in-furrow or UAN applied as a surface dribble band, increased VT-R1 RLC values slightly in the absence of ATS. However when ATS was applied, the response in RLC was significantly large and masked any effect of APP or UAN. Interestingly, the 1 and 2 gal/ac rates of ATS resulted in corn plants that were pale (significantly less RLC) when compared to the 4 gal/ac rate, but these treatments produced similar grain yields as the 4 gal/ac treatments. This suggests at this site only a small amount of S (1 gal/ac of ATS = 2.9 lb S/ac) applied in the seed furrow at planting was needed to get a yield response on this high organic matter soil.
Plant heights and whole plant dry matter yields were affected by all three of the treatment main effects in the factorial analysis of treatments 1-12 (Table 2 ). Heights and yields were increased when APP was applied in-furrow and when UAN and ATS were applied as a surface band. The 4 gal/ac rate of ATS did not increase heights or yields above the 2 gal/ac rate, when averaged across APP and UAN treatment main effects. A significant APP×UAN interaction for plant height was explained by the magnitude of the response in plant height when fertilized with one vs both of these nutrients. Plant heights increased about 4" when fertilized with either UAN or APP, compared with plots without UAN and APP. Whereas plant heights increased only 2" when fertilized with both UAN and APP, compared with either UAN or APP. The 1 gal/ac of ATS plus 4 gal/ac or APP applied in-furrow treatment increased V7 plant heights and yields compared with 4 gal/ac of APP alone.
Nutrient uptakes in V7 corn plants were affected by the treatment main effects in this study (Table 2) . Applying 4 gal/ac of APP in-furrow increased N, P, and K uptake, when averaged across UAN and ATS treatments. Nitrogen, P, K and S uptakes in corn plants were increased when UAN and ATS were applied at planting. Generally the nutrient uptake responses to treatment main effects found in this study were a result of small plant DM yield responses to treatments and not to increased nutrient concentrations. Significant APP×UAN interactions for N, P and S uptake in V7 corn plants were a result of increased growth and have the same explanation as the APP×UAN interaction for plant height in the previous paragraph (data not shown).
Waseca 2011
Treatment effects on grain moisture, grain yield, and relative leaf chlorophyll content (RLC) are presented in Table  3 . Grain was quite dry at harvest (October 3) considering the later than normal planting date (May 17). Application of APP or UAN at planting did not affect grain moisture at this site. Grain moisture increased 1.0 percentage point with 4 gal/ac of ATS compared with 0 gal/ac, when averaged across APP and UAN treatments. Corn grain yields were not affected by the application of APP, UAN or ATS at planting and there were no significant interactions. The wet spring followed by a dry August and September increased yield variability at this site. Yields ranged from 184 to 201 bu/ac. An analysis of all 14 treatments found no significant differences for grain moisture and/or yield. Relative leaf chlorophyll content at R1 was not affected by any of the treatments at this site.
Initial plant stand and final plant population were reduced 1200-1300 plants/ac with ATS fertilization, when averaged across APP and UAN treatments (Table 3) . The cool and wet period after planting likely contributed to the stand reductions observed in these data. Highly significant APP×ATS and UAN×ATS interactions were found for initial stand and final plant population. When averaged across UAN rate, plant populations were greatest when APP and ATS were not applied (data not shown). When APP was not applied, populations decreased linearly as the ATS rate increased; whereas, when APP was applied plant populations decreased with 2 gal/ac of ATS but not at the 4 gal/ac rate. These data showed under difficult climatic conditions ATS applied as a surface dribble band can reduce stand, however applying APP (in-furrow) plus ATS (dribble) did not reduce stand further. When averaged across APP rate, surface dribble banding UAN and ATS reduced plant populations compared with ATS alone. Strangely, applying UAN without ATS increased populations. This interaction showed, unlike the response found with APP, applying UAN and ATS may increase the potential for stand reductions.
Plant heights and whole plant dry matter yields were affected by all three of the treatment main effects in the factorial analysis of treatments 1-12 (Table 3 ). Heights and yields were increased when APP was applied in-furrow and when UAN and ATS were applied as a surface band. Plant heights were greatest with the 4 gal/ac rate of ATS. However, yields were not different among the 2 and 4 gal/ac rates of ATS, when averaged across APP and UAN treatment main effects. A significant APP×UAN×ATS interaction for plant height showed a large increase in plant height with increasing rates of ATS, when APP and UAN were not applied. Whereas, when APP and/or UAN were applied the plant height response to ATS was inconsistent. The significant APP×UAN×ATS interaction for dry matter yield was similar to what was found for plant height. One gal/ac of ATS plus 4 gal/ac or APP applied in-furrow did not affect V7 plant heights or yields compared with 4 gal/ac of APP alone.
Nutrient uptakes in V7 corn plants were affected by the treatment main effects in this study, however the data were quite variable probably due to the cool and wet conditions in late May and June (Table 3) . Four gal/ac of APP increased uptake of N, P, K and S. Phosphorus, K, and S uptakes were increased when ATS was applied as a surface band. The nutrient uptake responses to treatment main effects found in this study were generally a result of increased plant dry matter (yield responses) and not to increased nutrient concentration. Several significant two and three way interactions were found for nutrient uptake in V7 corn plants. Generally, the APP×UAN×ATS interactions for N, P and S uptake were explained by the response found for dry matter yield discussed earlier. Adding 1 gal/ac of ATS to 4 gal/ac of APP applied in-furrow, did not affect nutrient uptakes in V7 corn plants, compared with 4 gal/ ac of APP alone.
Rochester 2010
Treatment effects on grain moisture, grain yield, initial plant stand, final plant population, and relative leaf chlorophyll content are presented in Table 4 . Grain moisture was reduced 0.9 percentage points with 4 gal/ac of APP compared with 0 gal/ac, when averaged across UAN and ATS treatments. Application of UAN reduced grain moisture slightly (0.3 percentage points), when averaged across APP and ATS treatments. Three significant interactions (APP×ATS, UAN×ATS and APP×UAN×ATS) were found for corn grain moisture. Generally these interactions showed when APP was not applied, grain moisture was reduced with ATS with or without UAN. However, when APP was applied, the grain moisture response to ATS with or without UAN was erratic. Corn yields only ranged from 207 to 213 bu/ac across all 14 treatments in this study. No significant differences were found among treatments, and there were no interactions. No differences in final plant population were found among treatment main effects. At VT-R1 RLC ranged from 94.6 to 99.1% and was not affected by the main effects of APP and UAN application. The 2 and 4 gal/ac rates of ATS increased RLC about 1 percentage point compared with the 0 gal/ac rate of ATS, when averaged across APP and UAN main effects.
Treatment effects on early growth of small corn plants harvested on June 24 (V7-8 stage) are presented in Table 4 . Plant heights and dry matter yields were increased with 4 gal/ac of APP applied in-furrow compared with 0 gal/ ac, when averaged across UAN and ATS treatments. Plant heights and dry matter yields were not affected by the main effects of UAN and ATS application, and there were no significant interactions. This suggests the early growth response at this site was primarily due to P in the APP starter. Adding 1 gal/ac of ATS to 4 gal/ac of APP in-furrow had no effect on plant height and dry matter yield compared with APP alone. The large increase in dry matter yield with APP fertilization observed in this study, resulted in increased N, P, K, and S uptake compared with plots that did not get APP. Adding 1 gal/ac of ATS to 4 gal/ac of APP in-furrow, generally did not affect nutrient uptakes in small corn plants compared with APP alone. The highly significant APP×ATS interactions for K uptake in V7-8 corn plants showed without APP, K uptake declined when ATS was applied. Whereas with APP, K uptake increased as the rate of ATS increased (data not shown). Lowest K uptakes were found when APP was not applied and 4 gal/ac of ATS was applied (data not shown). These results were not found at the S-responding Waseca site. 
Rochester 2011
Treatment effects on grain moisture, grain yield, initial plant stand, final plant population and relative leaf chlorophyll content (RLC) are presented in Table 5 . Grain moisture was reduced 1.4 percentage points when APP was applied at planting. A significant APP×ATS interaction for grain moisture showed when APP was not applied ATS reduced grain moisture slightly. However when APP was applied grain moisture was considerably less and applying ATS did not further reduce moisture (data not shown). Corn grain yield increased 4 bu/ac with 4 gal/ac of APP compared with 0 gal/ac of APP, when averaged across UAN and ATS treatments. Yield was greater (202 bu/ac) with 4 gal/ac of ATS compared with 2 gal/ac (196 bu/ac) and 0 gal/ac (194 bu/ac) of ATS, when averaged across APP and UAN treatments. Applying 1 gal/ac of ATS and 4 gal/ac of APP in-furrow had no affect on grain yields compared with 4 gal/ac of APP alone. Initial plant stand and final plant populations were reduced slightly (≤600 plant/ac) with APP application. The 4 gal/ac rate of ATS also reduced initial stand about 500 plants/ac. These small reductions would not have affected grain yields. No significant interactions were found for corn grain yield, initial plant stand and final plant population. Relative leaf chlorophyll content at R1 was greater with 2 and 4 gal/ac of ATS compared with 0 gal/ac of ATS. A highly significant APP×UAN interaction for RLC showed when APP was not applied, UAN application reduced RLC. However when APP was applied, UAN application increased RLC (data not shown). A significant APP×ATS interaction for RLC showed when APP was not applied, 2 and 4 gal/ac of ATS increased RLC compared with 0 gal/ac of ATS; whereas when APP was applied, RLC increased as the rate of ATS increased (data not shown).
Generally, plant heights and whole plant dry matter yields were affected by all three of the treatment main effects in the factorial analysis of treatments 1-12 (Table 5 ). Heights and yields were increased when APP was applied in-furrow and when UAN was applied as a surface band. When averaged across APP and UAN rates, dry matter yields were greater with 4 gal/ac of ATS applied as a surface band compared with 0 or 2 gal/ac of ATS, although plant heights were not significantly greater (P-value = 0.105). No significant interactions were found for plant height and dry matter yield. These data were similar to the Waseca site and showed a consistent early growth and plant vigor advantage when fluid starter fertilizers were placed in or near the seed row at planting. Adding 1 gal/ac of ATS to 4 gal/ac of APP applied infurrow had no affect on plant heights or dry matter yields compared with 4 gal/ac of APP alone.
Nutrient uptakes in V7 corn plants were affected by the treatment main effects in this study (Table 5) . Four gal/ac of APP applied at planting increased whole plant N, P, K and S uptake. Nitrogen, P and S uptake in V7 plants were increased by UAN and ATS application at planting. No significant interactions were found for nutrient uptake.
Summary
Starter fertilizer treatment effects on continuous corn production across sites and years include:
Applying 4 gal/ac of APP in-furrow: 1) reduced grain moisture at three of four location-years; 2) increased grain yield at one of four location-years (4 bu/ac increase at Rochester in 2011); and 3) increased plant height at the V7 growth stage in all four location-year comparisons. Applying 8 gal/ac of UAN as a surface band: 1) reduced grain moisture in two of four location-years; 2) did not affect corn grain yield; and 3) increased plant height in three of four location-year comparisons. Applying ATS as a surface band: 1) reduced grain moisture in one of four locationyears; 2) increased grain yield at two of four location-years (6-9 bu/ac at Waseca in 2010 and 8 bu/ac with 4 gal/ac of ATS at Rochester in 2011); and 3) increased plant height in two of four location-year comparisons. A combination of N, P and S fluid starter fertilizers as APP, UAN and ATS increased plant height by 21% compared with the control (data not shown).
During this study period, applying APP and ATS independently or in combination had the greatest likelihood for increasing corn grain yields. Applying UAN as a nitrogen starter fertilizer did not affect grain yield in this study. Generally, APP, ATS and UAN applied as starter fertilizers increased early growth and vigor of continuous corn under reduced tillage and may reduce grain moisture at harvest. Whole Plant Samples at V7 Uptake ----------lb/ac ----------- Table 4 . Grain moisture and yield, plant stand, final plant population, relative leaf chlorophyll, plant height, dry matter yield and nutreint uptake at Rochester in 2010.
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